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ABSTRACT
Raw Irvingia gabonenses (dika nut) (DN) and its acid-treated form (ADN) were used for the uptake of rhodamine B (RhB) dye from
aqueous solution. The adsorbents were characterized by Fourier transform infrared (FTIR) spectroscopy, Brunauer–Emmett–
Teller (BET) surface area analysis and scanning electron microscopy (SEM). The adsorbents were found to have characteristic
functional groups such as –OH, C-N and C=O. SEM revealed that acid treatment resulted in the development of several pore
sizes. Sorption data fitted the Freundlich adsorption isotherm better than the Langmuir isotherm. The maximum sorption capacities,
qmax, obtained from the Langmuir adsorption isotherm were 212.77 and 232 mg g
–1 for DN and ADN, respectively. The pseudo-
second-order kinetics model was observed to fit the adsorption data. Solution pH and temperature significantly influenced the
adsorption process and negative values of DG° suggest that the sorption process was spontaneous and feasible. Intraparticle
diffusion mainly controlled the uptake of RhB onto DN and ADN; however, boundary layer diffusion also occurred in
the RhB-ADN system. The desorption efficiency of RhB from the adsorbents was tested with a number of eluents. The eluents
were found to follow the order: H2O>CH3COOH>HCl and CH3COOH>HCl>H2O for DN and ADN, respectively.
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1. Introduction
Textile industries use large volumes of water in their operations
and thus release large amounts of waste water. Waste waters
from textile industries are unique in their composition;they are
usually released containing various dyes and heavy metals.1 In
particular, the dyes tend to be reactive dyes since these have such
qualities that make them a preferred option in textile industries.
However, they have been reported to be the most problematic
of all dyes used in these industries.2,3 Their high solubility makes
their treatment by conventional methods difficult.2,3 The effects
of dyes in the water body are not limited to toxicity, but also
include reduction in dissolved oxygen and interruption of
photosynthetic processes. Most of the reactive dyes, including
rhodamine B, used in the textile and allied industries are known
to be carcinogenic.4,5
Among the various conventional methods of waste water
treatment, adsorption has been found to combine economic
advantage, design and operational simplicity, and with the up-
take of very low concentration of toxicants.6 Activated carbons
have been employed in effluent treatment over the years and have
been found to exhibit great affinity for organic compounds.7
However, due to the precursors used for the preparation
of commercial activated carbons, it has been found to be eco-
nomically unviable and therefore other precursors are being
sought.1,8,9
Agricultural wastes and other waste materials, such as coconut
husk and bunch waste,8,10 date stone,11 jujuba seed,12 peanut
hulls and its immobilized form,13 cocoa pod husk,14 cashew nut
shell,15 periwinkle shell,16 garlic peel,17 sugar cane bagasse,18
calcined egg shell,19 bagasse pith,20 olive waste cake,21 apple
wastes,22 Bengal gram seed husk,23 oil palm fruit waste,24 castor
bean cake,25 maize stem tissue26 and lignite27 have been utilized
as cheap alternatives for activated carbon preparation as well as
low cost adsorbents in the uptake of dyes.
Irvingia gabonensis (sweet bush mango, also known as Dika
nut) is common in the southwestern part of Nigeria. It is a drupe
with a thin epicarp, a soft fleshy thick mesocarp and a hard
endocarp encasing a soft dicotyledonous kernel.28,29 Sweet bush
mango in all its part serves as food for humans with the excep-
tion of its endocarp; the mesocarp and the epicarp can be eaten
fresh while the cotyledon encased in the endocarp serves as an
ingredient for soup. The endocarp, however, is a waste and its
use as an adsorbent will result in waste reduction and economic
advantages. The characteristics of adsorbents generally depend
on the type of treatment employed in theirpreparation;chemical
treatments such as acid treatment usually result in large pores
which are suitable for the removal of large molecules such as
dyes.30
Hence, the focus of this work was to investigate the potential
of raw Irvingia gabonensis waste and its acid-treated form for
the uptake of a cationic dye (rhodamine B). To the best of our
knowledge, this biomass has not been given much attention in
relation to its application in environmental remediation
operations. Operational parameters, kinetics, isothermal and
thermodynamic studies governing the adsorption process were
investigated.
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2. Materials and Methods
2.1. Preparation of Adsorbents
2.1.1. Preparation of Raw Dika Nut (DN)
Endocarps of Irvingia gabonensis were collected from farmers
in Omu Aran, Kwara State of Nigeria. The biomass was thoroughly
washed to remove dirt and dried in an oven operated at 105 °C
overnight. It was then pulverized and screened into a particle
size of 150–250 µm before it was stored in an airtight container for
subsequent use.
2.1.2. Preparation of Acid-treated Dika Nut (ADN)
An equal volume to mass ratio of concentrated sulphuric acid
and the biomaterials was thoroughly mixed in a clean beaker
and was subjected to thermal treatment (200 °C) for 2 h with
continuous agitation for one hour. About 10 cm3 of deionized
water was injected into the carbon material, the carbon material
obtained was allowed to cool to room temperature, washed to
neutrality, soaked in 8 M KOH and heated at 200 °C for another
one hour. It was then washed thoroughly with deionized water
to neutrality, dried in the oven at 105 °C and stored in a tightly
sealed container for subsequent use.
2.2. Adsorbent Characterization
2.2.1. Surface Area and Average Pore Diameter
BET surface area and average pore diameter were determined
by using a Micromeritrics Tristar II surface area and porosity
analyzer. Samples were degassed under vacuum at 90 °C for 1 h
and subsequently the temperature was further increased to
200 °C overnight.
2.2.2. Surface Morphology and Elemental Composition
Surface morphology and elemental composition were deter-
mined by using a FEIESEM Quanta 200 for SEM and EDX.
2.2.3. Functional Group Analysis
Functional groups were determined with a Bruker Alpha FTIR
spectrometer.Discs were prepared byfirst mixing 1 mg of each
of the dried samples with 500 mg of KBr (Merck, for spectros-
copy) in an agate mortar and the resulting mixture was subse-
quently pressed at 10 tonnes cm–2 for 15 min under vacuum.
2.2.4. pH point of Zero Charge (pHpzc)
The pH point of zero charge determination (pHpzc)of the
adsorbents was carried out bycontacting 0.1 g of each adsorbent
with 50 cm3 of 0.1 M NaCl whose initial pH had previously been
adjusted between pH 2 and 10 with either NaOH or HCl. The
containers were sealed and placed on a shaker for 24 h after
which the final pH values were measured. The difference
between the initial and final pH was calculated and plotted
against the initial pH. The point of intersection of the resulting
curve with vertical axis gave the pHpzc.
12
2.2.5. pH Determination
The standard test method for determination of activated
carbon pH ASTMD 3838-80 was used. About 1.0 g of the pre-
pared adsorbent was weighed and transferred into a beaker;
100 cm3 of distilled water was added and the mixture was
stirred for 1 h. The suspension was allowed to equilibrate and
the pH was measured thereafter with a pH meter (model
pHS-25).
2.3. Adsorbate Preparation
Rhodamine B (RhB) supplied by BDH was used to investigate
the adsorptive properties of the adsorbents prepared. Table 1
shows the properties of rhodamine B and Fig. 1 shows the struc-
tures of rhodamine B in its cationic and zwitterionic forms. A
parent solution of 1000 mg L–1 of RhB was prepared by dissolving
1 g of RhB in 1000 cm3 of deionized water. Subsequently, all other
working solutions with lower concentrations were prepared
there from by serial dilution.
2.4. Batch Adsorption Studies
Batch adsorption studies with respect to influence of initial pH,
initial dye concentration, adsorbent dosage and temperature
were carried out.
2.4.1. Effect of Solution pH
The pH of a solution is an important parameter in adsorption
studies; it determines the charge on the adsorbent surface as
well as the form the adsorbate will exist in solution.The
initial pH of the adsorbate solution was adjusted between 2
and 10 by using HCl and NaOH (0.1 M). Other conditions such
as adsorbent dose, agitation speed, temperature, contact time
and initial adsorbate concentration were maintained at 1 gL–1,
130 rpm, 26 ± 2 °C, 120 min and 100 mg L–1, respectively. The
percentage removal of adsorbent was then calculated according
to Equation 1. The optimum pH obtained was used in subse-
quent adsorption studies,
% Removal = ×
( )C – Ci f
iC
100 (1)
where Ci and Cf are concentrations of RhB in solution at the start
and end of the experiment, respectively.
2.4.2. Effects of Initial Adsorbate Concentration and Contact Time
Adsorption processes were carried out by agitating a given
dose (0.1 g) of the adsorbent with 100 mL of RhB solution
of desired concentration in different 250 cm3 flasks in a tempera-
ture controlled water bath shaker. A shaking speed of 130 rpm
was maintained throughout the experiments to achieve equilib-
rium. Samples were withdrawn at different time intervals
(0–36 h depending on the adsorbent), centrifuged and the
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Table 1 Properties of rhodamine B.
Parameters Values
Suggested name Rhodamine B
C.I. number 45170
C.I. name Basic violet 10
Class Rhodamine
lmax 554 nm
Molecular formula C28H31N2O3Cl
Formula weight 479.02
Figure 1 Structures of rhodamineB in its (A) cationic, and (B) zwitterion-
ic forms.
supernatant was analyzed for the change in the dye concentra-
tion by using a UV-visible spectrophotometer (Beckman Coulter
Du 730 UV/Vis spectrophotometer). The absorbance measure-
ments were made at the lmax of RhB that was determined to be
554 nm. The quantity of dye adsorbed at a given time qt (mg g
–1)
was calculated with Equation 2:
q
C C V
Mt
i t=
− ×( )
(2)
where Ci and Ct are the concentrations (mg L–1) of RhB in solution
initially and at time t, V is the volume in litres and M is the mass
of the adsorbent in g.
2.4.3. Effect of Adsorbent Dosage
The adsorbent dosage was varied between 1 g L–1 and 5 g L –1
for each adsorbent used while other conditions such as agitation
speed, temperature, contact time and initial adsorbate concen-
tration were maintained at 130 rpm, 26 ± 2 °C, 240 min and
100 mg L–1, respectively.
2.5. Adsorption Isotherms
Adsorption data werefitted to the Langmuir, Freundlich,
Temkin and Dubinin-Radushkevich (D-R) isotherm models,
and the isotherm parameters were calculated and reported
accordingly.
2.5.1. Langmuir Isotherm Model
The linearized Langmuir adsorption model is expressed by
Equation 3:31
C
q
C
q q K
e
e
e
o o
= +
1
L
(3)
where Ce is the concentration of RhB dye in the solution at equi-
librium (mg L–1), qe is the concentration of RhB dye on the adsor-
bent at equilibrium (mg g–1), qo is the monolayer adsorption
capacity of adsorbent (mg g–1) and KL is the Langmuir adsorption
constant (L mg–1). The plot of Ce/qe versus Ce should give a straight
line with a slope 1/qo and an intercept of 1/qoKL. The favourability
of the adsorption process was also confirmed by calculating the
dimensionless equilibrium parameter (RL) expressed by Equa-
tion (4):
R
K Co
L
L
=
+
1
1( )
(4)
where C0 is the highest initial dye concentration in solution. The
adsorption process is said to be favourable if RL value falls
between 0 and 1, i.e (0 < RL <1), linear when RL = 1, irreversible
when RL = 0 and unfavourable when RL > 1.26
2.5.2. Freundlich Isotherm Model
The linearized form of the Freundlich isotherm model is
expressed according to Equation 5:32
log log logq n C Ke e f= +
1 (5)
where qe is the amount of RhB dye adsorbed at equilibrium
(mg g–1), Ce is the equilibrium concentration of the adsorbate
(mg L–1); Kf and n are constants incorporating the factors affect-
ing the adsorption capacity and the degree of non-linearity
between the solute concentration in the solution and the
amount adsorbed at equilibrium, respectively. The plots of log qe
against log Ce should give a linear graph where the values of
n and Kf can be obtained from the slope and intercept of the
graph, respectively.
2.5.3. Temkin Isotherm Model
The Temkin isotherm, which can be expressed by Equation (6),
contains a factor that takes into account the adsorbent-adsorbate
interactions33.
qe = BlnA + BlnCe (6)
where qe is the amount of adsorbate adsorbed at equilibrium
(mg g–1), Ce is equilibrium concentration of adsorbate (mg L–1),
B is a constant related to the heat of absorption given as B = RT/b,
b is the Temkin constant (J mol–1), T is the absolute temperature
(K), R is the gas constant (8.314 J mol–1 K–1), and A is the Temkin
isotherm constant (L g–1). B and A can be calculated from the
slope  (B) and intercept (B ln A) of the plot of qe against ln Ce.
2.5.4. Dubinin-Radushkevich Isotherm Model
The Dubinin-Radushkevich (D-R) model is a more general
model that does not assume a homogenous surface or constant
adsorption potential. The D-R model gives information about
the sorption mechanism, whether chemisorption or physi-
sorption,34 and it is expressed by Equation 7:
lnqe = lnqo – be2 (7)
where qe is the amount of RhB ions adsorbed per unit mass of
adsorbent (mg g–1), qo is the maximum sorption capacity, b is the
activity coefficient related to the mean sorption energy E
(kJ mol–1) and e is the Polanyi potential. e is expressed by Equa-
tion 8:
e = +RT
Ce
ln( )1
1
(8)
where R is the gas constant (J mol–1 K–1) and T is the temperature
(K). b(mol2 J2) and qo can be obtained from the slope and the
intercept of the plot of lnqe against e2, respectively.
2.6. Adsorption Kinetics
Adsorption data were tested by using the pseudo-first-order,
pseudo-second-order and the intraparticle diffusion models.
2.6.1. Pseudo-first-order Kinetics Model
The pseudo-first-order kinetics model of Lagergren is given by
Equation 9:35
ln (qe – qt) = lnqe – kit (9)
where qe and qt are the quantity absorbed at equilibrium and at
time t, respectively (mg g–1), and ki is the rate constant for the
pseudo-first-order sorption (min–1). A plot of ln (qe – qt) against t
for ADN and DN at different concentrations should give linear
graphs with negative slopes from which ki and calculated quan-
tity adsorbed at equilibrium (qe,cal) can be obtained from the slope
and intercept, respectively.
2.6.2. Pseudo-second-order Kinetics Model
The pseudo-second-order kinetics model is given by Equation
10:36
dqt/dt = k2(qe – qt)2 (10)
where k2 is the rate constant of the pseudo-second-order equa-
tion in g mg–1 min–1, qe is the maximum sorption capacity in mg g–1
and qt (mg g–1) is the amount sorbedat time t. Integration and
rearrangement of Equation  10 above will give a linear form:
t/qt = 1/k2qe2 + t/qe (11)
A plot of t/qt against t should give a linear graph from which
qe and k2 can be calculated from the slope and intercept.
2.6.3. Validity of Kinetics Models
The normalized standard deviation, Dqe (%) which is expressed
by Equation 12 was used to verify the kinetics model used to
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describe the adsorption process.
∆q
q q q
Ne
e e cal e(%)
) /,exp , ,exp=
−
−
⎡
⎣⎢
⎤
⎦⎥
100
1
(12)
where N is the number of data points, and qe,exp and qe,cal (mg g–1)
are the experimental and calculated values of the quantity
adsorbed at equilibrium, respectively. A lower value of Dqe indi-
cates a good fit between the experimental and calculated data.
2.6.4. Intraparticle Diffusion Model
The intraparticle diffusion model is given by the equation:37
qt = Kdiff t1/2 + C (13)
where qt (mg g–1) is the amount of RhB dye sorbed at time t and
Kdiff (mg g–1 min–1/2) is the rate constant for intraparticle diffusion.
The value of C explains the thickness of the boundary layer, the
larger the intercept the greater the boundary layer effect. A plot
of qt versus t0.5 should give a linear graph if intraparticle diffusion
is involved in the sorption process and if the plot passes through
the origin then intraparticle diffusion is said to be the sole
rate-limiting step. However, qt versus t0.5 could give a multilinear
plot which suggests that two or more steps govern the sorption
process.38
2.7. Adsorption Thermodynamics
The adsorption of RhB onto DN and ADN was investigated as
a function of temperature and the thermodynamic parameters
DG°, DH° and DS°, which are important in determining the feasi-
bility, spontaneity and the nature of adsorbate-adsorbent inter-
actions, can be obtained by using the following mathematical
relations:
ln K
S
R
H
RTo
o o
= −
∆ ∆
(14)
DG° = –RTlnKo (15)
where Ko is given as qe/Ce, T is the temperature in Kelvin and R is
the gas constant. A plot of lnKo versus 1/T should give a linear
plot and DH° and DS° can be calculated from the slope and inter-
cept, respectively.
2.8. Desorption of RhB from DN and ADN
Desorption experiments were performed to better understand
the mechanisms of biosorption involved on the surface of the
adsorbent and the possibility of regeneration of the adsorbent.
The ability of a particular eluent to strip the adsorbate depends
on the adsorbate-adsorbent interaction, namely, the effects
of the eluent on the bond formed. If desorption can be achieved
by using neutral pH water, then the dye is weakly attached to the
adsorbent, if sulphuric acid or alkaline water desorb the dye,
then the adsorption is by ion exchange, and if desorption of dye
from the surface of the adsorbent is achieved with an organic
acid, such as acetic acid, then the dye is chemisorbed to the
adsorbent.39 In order to investigate the leaching/desorption of
RhB from DN and ADN, deionized water, 0.1 M HCl and 0.1 M
CH3COOH were used as desorbing agents. A mass of 0.1 g
of fresh adsorbent was added to 100 mL of 100 mg L–1 RhB solu-
tion at pH 3.0 and shaken for 1 h and 24 h for DN and ADN,
respectively. The RhB-loaded sorbents were separated by centri-
fugation and the residual RhB concentration was determined by
spectrophotometry as described. The RhB-loaded sorbents were
washed gently with water to remove any unadsorbed dye and
dried. The desorption process was carried out by mixing 100 mL
of each desorbing agent with the dried sorbent and shaken for
a predetermined time. The desorbed RhB was determined spec-
trophotometrically. The desorbing efficiency was then calculated
by using Equation  (16):
Desorption efficiency (%) =
q
q
de
ad
×100 (16)
where qde is the quantity desorbed by each eluent and qad is the
quantity adsorbed by the adsorbent during loading.
3. Results and Discussion
3.1. Characterization of Adsorbents
Surface morphology, surface area and surface chemistry are
pointers to the efficacy of adsorbent(s) in contaminant(s) uptake.
These characteristics are discussed in this section.
3.1.1. Surface Area and Pore Characteristics
Table 2 depicts the characteristics of DN and ADN. The values
of Brunauer, Emmett and Teller (BET) surface area of the
adsorbents are low: 0.0387 m2 g–1 and 1.8642 m2 g–1 for DN
and ADN, respectively. The low surface area of these adsorbents
suggests that DN and ADN do not possess the microporous
characteristics of an activated carbon and therefore dye uptake
is likely to be via functional group interaction, pores and avail-
able surface. Low surface area is a characteristic of agro-waste
and this has been previously reported.18,40 The increase in surface
area after acid treatment can be attributed to the cleaning of the
cell walls by acid which resulted in the removal of some polar
functional groups on the surface of the biomaterial. The KOH
treatment also contributes to the increase in the surface area
of ADN.41 Elemental analysis revealed an increase in the carbon
content and a decrease in the oxygen content of ADN suggesting
the extraction of hemicellulose and lignin via alkaline treatment.47
3.1.2. Functional Groups
The FTIR spectra obtained for the two materials are presented
in Figs 2 and 3. DN shows strong absorption bands at
1023.96 cm–1, which corresponds to C-N stretching, 1229.23 cm–1
(C-OH stretching), 1369.41 cm–1 (CH3 bending), 1506.72
–1597.24 cm–1 (C=O of amide), 1732.64 cm–1 (C=O of ester),
2923.36 cm–1 (-C-H stretching) and 3338.60 cm–1 (-OH) (Fig. 2a).
However, after sorption there was a shift and intensity decrease
in the bands of –OH, C=O of amide, C=O of ester and C-OH to
3421.83 cm–1, 1508.38–1593.25 cm–1, 2937.68 cm–1 and 1269.20 cm–1,
respectively (Fig. 2b). Various functional groups available on the
surface of DN have been reported to be suitable in dye uptake,
the band shift and decrease in band intensities suggests that
these functional groups were utilized for sorption.42 New peaks
appeared at 1647.26 and between 617.24-898.86 cm–1, which
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Table 2 Characteristics of DN and ADN.
Parameters Value
DN ADN
pH 5.05 6.78
pHpzc 6.40 6.60
Bulk density/g cm–3 0.49 0.51
Moisture content/% 5.73 12.02
Ash content/% 3.46 2.20
BET surface area/m2 g–1 0.0387 1.8642
Average pore diameter/nm nd 3.39
%C 71.42 78.24
%O 28.36 21.50
%K 0.22 0.26
nd: Not detectable.
correspond to carboxylate ions and aromatic vibrations, respec-
tively (Fig. 2b). For ADN, the –OH band appeared at
3389.32 cm–1. Other characteristic functional group bands
such as 1036.58 cm–1 (C-N stretching), 1211.54 cm–1 (C-OH
stretching), 1361.59 cm–1 (CH3 bending), 1569.02 cm
–1 (C=O
of amide) are also present (Fig. 3a). After sorption, there is a shift
in the –OH, C=O of amide and C-OH bands to 3443.05 cm–1,
1589.40 cm–1 and 1379.15 c–1, respectively (Fig. 3b).
3.1.3. Surface Morphology
Figure 4 shows the scanning electron micrographs of DN and
ADN. The surface of DN is rough with no visible openings
and has a fibre-like structure which is a characteristic
of agro-waste (Fig. 4a). However, ADN has openings of different
sizes (Fig. 4c). These pores are as a result of acid and KOH treat-
ment and these openings could act as transport pores for the dye
molecules. After adsorption, the pores earlier observed on the
surface of ADN have been covered by the adsorbate molecules
(Fig. 4d).
3.2. Batch Adsorption Studies
3.2.1. Effect of Solution pH on the Uptake of RhB onto DN and ADN
The pH of the solution greatly influences the adsorption
process. The nature of the adsorbate in solution as well as the
charge on the surface of the adsorbent is pH dependent. The
effects of solution pH on the adsorption of RhB onto DN
and ADN were investigated within the pH range of 2–10, the
pH of the solution was adjusted by using either 0.1 M HCl or
0.1 M NaOH and the resultsare presented in Fig. 5.
Maximum adsorption was recorded at pH 3, where the uptake
of RhB onto ADN and DN were 77 % and 66.52 %, respectively,
while minimum adsorption occurred at pH 10, i.e. 30.3 % and
27.91 % for ADN and DN, respectively. The high adsorption at
pH 3 can be attributed to the change in the nature of RhB in the
different solution media. The change in pH results in the forma-
tion of different ionic species and of notable importance is the
zwitterionic form (Fig. 1b) which occurs at pH > 3.7 (pKa = 3.7).
At pH > 3.7, the attractions between the carboxyl and xanthene
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Figure 2 FTIR spectra of raw Irvingia gaboneses (DN) before (a) and after (b) dye sorption.
(a)
(b)
groups of RhB monomers result in the formation of dimers
of RhB hence absorption of RhB becomes difficult resulting in a
decrease in the sorption capacity. Maximum sorption of RhB at
a pH between 3 and 4 has been previously reported.43,44
3.2.2. Effect of Contact Time and Initial Dye Concentration on the
Uptake of RhB onto DN and ADN
Figures 6a and 6b depict the adsorbate-adsorbent interactions
as a function of time and concentration (50–400 mgL–1). The
uptake of RhB by DN (Fig. 6a) was observed to be rapid; the
quantity adsorbed at a given time t (qt) increased with increase in
initial dye concentration, equilibrium was attained at 60 min for
initial RhB concentrations between 50 and 300 mg L–1. However,
for an initial dye concentration of 400 mg L–1 equilibrium was
attained after 60 min. The amount adsorbed at equilibrium
increased from 37.73 mg g–1 for an initial dye concentration
of 50 mg L–1 to 176.22 mg L–1 for an initial dye concentration
of 400 mg L–1. The adsorption of RhB onto ADN increased gradu-
ally; for the lowest concentration (50 mg L–1) of RhB considered,
equilibrium was attained at about 6 h (360 min). However,
equilibrium was attained in 24 h and after 24 h for an initial RhB
concentration between 100 and 300 mg L–1, and 400 mg L–1,
respectively. The amount adsorbed at equilibrium increased
from 96.96 mg g–1 for an initial dye concentration of 100 mg L–1to
228.15 mg g–1 for an initial dye concentration of 400 mg L–1. A
higher initial dye concentration enhances the sorption processes
as the initial concentration provides an important driving force
to overcome mass transfer resistance of RhB between the aqueous
and solid phases. Acid treatment greatly enhanced the sorption
capacity with about 97 % removal of RhB for 100 mg L–1. Acid
treatment usually improves the development of pores in carbon
materials and hence increases the sorption capacity; similar
trends have been previously reported.45
3.2.3. Effect of Adsorbent Dosage on the Uptake of RhB onto DN and
ADN
The percentage removal for DN was observed to increase as
the sorbent dosage increased over the range of sorbent dosage
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Figure 3 FTIR spectra of acid-treated Irvingia gaboneses (DN) before (a) and after (b) dye sorption.
(a)
(b)
studied; the percentage removal increased from 67.2 %
to 78.69 %. However, for ADN, the percentage sorption in-
creased from 80.33 % to 95.08 % for sorbent dosages of 1 to 3 g L–
and gradually attained equilibrium. The highest percentage
removal for DN was 97.05 % (Fig. 7). Additional surfaces are
available as a result of the increase in sorbent dose, this must
have accounted for the increase in the percentage of RhB dye
removal.
3.2.4. Effect of Temperature on the Uptake of RhB onto DN and ADN
The sorption of RhB onto DN and ADN was investigated as a
function of temperature with an initial dye concentration
of 100 mg L–1. The uptake of RhB was observed to decrease
slightly as temperature increased (Fig. 8). As the temperature
increased from 303 to 333 K, the uptake of RhB was observed to
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Figure 4 SEM micrograph of DN (a) before dye sorption and (b) after dye sorption; SEM micrograph of ADN (c) before dye sorptionand(d) after dye
sorption (magnification ×1000 ).
Figure 5 Percentage removal of rhodamine B by DN and ADN at differ-
ent pH values [Conditions: adsorbent dose (1 g L–1), agitation speed
(130 rpm), agitation time (120 min), temperature (26 ± 2 °C), adsorbate
concentration (100 mg L–1)]. (n = 3, 0 £ % E £ 0.32).
Figure 6 (a) Effects of contact time and initial dye concentration on the
uptake of RhB unto DN [Conditions: adsorbent dose (1 g L–1), agitation
speed (130 rpm), temperature (26 ± 2 °C), pH (3)]. (n = 3, 0 £ % E £
0.97); (b) Effects of contact time and initial dye concentration on the
uptake of RhB onto ADN [Conditions: adsorbent dose (1 g L–1), agita-
tion speed (130 rpm), temperature (26 ± 2 °C), pH (3)]. (n = 3, 0 £ % E £
0.99).
(a)
(b)
decrease from 54.86 to 51.23 mg g–1 and from 74.36 to 70.43 mg g–1
for DN and ADN, respectively. The decrease in the percentage
adsorbed with increasing temperature suggests that the adsorp-
tion process is exothermic in nature; the decrease was found to
be gradual for both adsorbents. Weakly bonded molecules are
likely to detach from the surface of the adsorbent at high temper-
ature.46, 47, 48
3.2.5. Adsorption Isotherms
Figure 9 shows the plots of the Langmuir, Freundlich, Temkin
and D-R isotherms for the uptake of RhB onto DN and ADN and
Table 3 lists the various isotherm parameters as calculated from
the slopes and intercepts of the plots. By comparing the R2 values
of the four isotherms used, the adsorption data fitted best into
the Freundlich adsorption isotherm for DN with a correlation
value of 0.967, and the Langmuir isotherm model for ADN with a
correlation value of 0.9966. However, the adsorption process is
said to be favourable if the RL value obtained from the Langmuir
isotherm falls between 0 and 1, i.e. 0 < RL < 1, linear when RL= 1,
irreversible when RL= 0 and unfavourable when RL > 1. In the
present study, the values of RL obtained for both DN and ADN
(Table 3) are between 0 and 1 which suggests the favourability
of the sorption process. The maximum monolayer adsorption
capacity (qmax) values obtained for the adsorption of RhB onto
DN and ADN were compared with those obtained by using
other adsorbents (Table 4) and both DN and ADN exhibited
higher performance. Forthe Freundlich isotherm, Kf and n were
calculated and the values of n were observed to be greater than 1
which suggests that the adsorption process is favourable. The
Temkin constants A, B and b are as listed in Table 3; the R2 for DN
and ADN are quite low 0.828 and 0.8957, respectively. The
adsorption energy (E) obtained from the D-R isotherm for the
adsorption of RhB onto DN and ADN was 5.955 and 18.89
kJ mol–1, respectively. This suggests that while the uptake of RhB
onto DN was physical in nature, on the other hand, the adsorp-
tion of RhB onto ADN was chemical in nature.41
3.2.6. Kinetics Studies
Table 5 lists the kinetics parameters as obtained from the
pseudo-first and pseudo-second-order plots. Apart from the
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Figure 7 Effect of sorbent dosage on the uptake of RhB onto ADN and
DN [Conditions: initial concentration (100 mg L–1), agitation speed
(130 rpm), temperature (26 ± 2 °C), pH (3)]. (n = 3, 0 £ % E £ 0.01)
Figure 8 Effect of temperature on the uptake of RhB onto ADN and DN
[Conditions: initial concentration (100 mg L–1), agitation speed (130 rpm),
dosage (1 g L–1), pH (3)]. (n = 3, 0 £ % E £ 0.02)
Figure 9 (a) Freundlich isotherm plots for the adsorption of RhB onto DN (b) Langmuir isotherm plots for the adsorption of RhB unto ADN,
(c) Temkin isotherm plot for the adsorption of RhB onto DN and (d) Dubinin-Radushkevich (D-R) isotherm plots for the adsorption of RhB onto
ADN.
closeness of the qcal values of the pseudo second order with the
qexp, the correlation coefficient (R
2) for the pseudo second order
was found to be generally high ranging from 0.9957to 1 at all RhB
dye concentrations studied. The Dqe was found to be generally
low. This suggests that the pseudo-second-order kinetics model
describes the adsorption process better. For the intraparticle
diffusion model, the uptake of RhB onto ADN at various initial
dye concentrations (Fig. 10b) showed a multilinear profile
indicating that the sorption process occurred in two phases. The
first and steeper portion can be attributed to the boundary layer
diffusion of the RhB dye molecule while the second linear portion
corresponds to the gradual sorption stage where intraparticle
diffusion was the rate limiting step. Ki2, C2 and R
2 are the slope,
intercept and the square of regression of the second linear portion
of the plot. Since values for Ki1 are greater than the observed
values for Ki2 (Table 5), this suggests that intraparticle diffusion
mainly controls the sorption rate. However, a single linear
plot was obtained for the sorption of RhB onto DN (Fig. 10a)
and the values of R2 range from 0.85 to 0.973 (Table 5) suggesting
that the sorption of RhB onto DN may be controlled by the
intraparticle diffusion model. A multilinear profile was previ-
ously reported for the uptake of Congo red dye onto ackee apple
seed.56
3.2.7. Adsorption Thermodynamics
Thermodynamic parameters obtained for the adsorption process
are reported in Table 6. DH° and DS° were calculated from the
slope and intercept of the Van’t Hoff plot (Table 6, figures not
shown). The negative enthalpy (DH°) values obtained for the
uptake of RhB onto DN and ADN indicate that the sorption pro-
cess is exothermic in nature. The negative values of DS° (Table 6)
indicate a decrease in the randomness at the solid-liquid inter-
face during the sorption of RhB onto DN and ADN. The higher
negative value of DS° for the uptake of RhB onto DN suggests
that RhB was more stable on the DN surface.57 The negative
values of DG° suggest that the sorption process was spontaneous;
higher negative values at lower temperature suggest that the
sorption process at lower temperature was more spontaneous.
Similar trends have been previously reported.58
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Table 5 Comparison of pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetics model parameters for the adorption of RhB onto
DN and ADN.
Constants Initial concentration
DN ADN
50 100 200 300 400 50 100 200 300 400
qe experimental/mg g
–1 37.73 66.7 109.09 120.28 176.22 50 96.97 169.63 177.66 228.15
Pseudo first order
qe calculated/mg g
–1 12.09 21.22 12.62 11.5 58.38 24.58 62.1 105.65 100.86 110.29
K1× 10
–3/min–1 19 3.2 2.8 3.8 4.6 1.06 0.55 0.22 0.23 0.25
R2 0.953 0.963 0.799 0.961 0.907 0.9807 0.9341 0.9469 0.9411 0.9834
Dqe/% 25.69 25.77 33.42 34.18 25.28 15.33 11.37 11.93 13.67 16.34
Pseudo second order
qe calculated/mg g
–1 38.48 71.43 111.11 125 200 50.51 98.04 172.41 181.82 232.56
K2× 10
–3/g mg–1 min–1 6.15 4.9 10.13 12.8 1.92 1.68 0.31 0.19 0.0992 0.108
R2 0.998 0.999 0.999 1 0.999 0.9999 0.9992 0.9957 0.9972 0.9987
Dqe/% 0.75 2.68 0.69 1.48 5.1 0.32 0.35 0.52 0.74 0.61
Intraparticle diffusion
C1/mg g
–1 26.431 40.81 91.97 107.1 119.6 22.243 32.671 35.707 47.179 79.033
Ki1/mg g
–1min–1/2 1.5013 3.253 2.184 1.691 7.022 1.8498 3.6479 5.8515 6.0142 7.6987
R1
2 0.9156 0.973 0.85 0.967 0.958 0.9774 0.9599 0.923 0.9838 0.9055
C2/mg g
–1 – – – – – 47.344 72.773 88.217 103.9 154.04
Ki2/mg g
–1 min–1/2 – – – – – 0.0693 0.574 1.9259 1.7485 1.741
R2
2 – – – – – 0.3998 0.9039 0.9374 0.9323 0.9293
Table 4 Comparison of the adsorption capacity of RhB onto DN and
ADN with various adsorbents.
Adsorbent qmax/mg g
–1 Ref.
Microwave treated nilotica leaf 24.39 49
Modified coir pit 14.9 50
Modified ternary waste 213 51
Sugarcane baggas 51.5 18
Cedar Cone 4.55 43
Bakers’ yeast 25 52
Kaolinite 46.08 53
Jute stick powder 87.7 54
Fly ash 10 55
Raw dika nut 212.77 This study
Acid-treated dika nut 232 This study
Table 3 Parameters for the Langmuir, Freundlich, Temkin and D-R
adsorption isotherms for the uptake of RhB onto DN and ADN.
Isotherms Constants DN ADN
Langmuir qmax/mg g
–1 212.77 232.00
KL/L mg
–1 0.0120 0.2080
RL 0.1460 0.0120
R2 0.8340 0.9966
Freundlich KF 11.614 3.5630
n 2.0650 5.2770
R2 0.9670 0.9263
Temkin B 47.960 27.886
A/L g–1 0.1120 11.130
b/J mol–1 52.004 37.120
R2 0.8280 0.8960
D-R qo/mg g
–1 139.17 190.53
b/mol2 kJ–2 0.0141 0.0014
E/kJmol–1 5.9550 18.890
R2 0.8030 0.8724
3.2.8. Desorption of RhB from DN and ADN
The desorption efficiency was found to be generally less than
25 %. Water only desorbed 1.75 % of RhB from the loaded ADN
while HCl and acetic acid desorbed 2.63 % and 19 %, respec-
tively. The highest desorption efficiency (22.86 %) was recorded
for water in the case of DN whereas HCl and acetic acid desorbed
15.24 % and 17.14 %, respectively. For DN, the desorption effi-
ciency of the eluents follows the order: H2O>CH3COOH>HCl;
this suggests that while some RhB is weakly attached to the ad-
sorbent (DN) some also penetrates the pores. However, for
ADN, chemisorption dominates the sorption mechanism. It has
also been reported that a large nett adsorption energy can be
established between large molecules and biosorbents due to
several contact points; this in turn makes dye release from the
surface of the adsorbent difficult.59
4. Conclusions
This study shows that optimum dye removal was at pH 3 for
both DN and ADN. Dye removal efficiency was observed to be
about 97.05 % and 78.69 % for ADN and DN at adsorbent doses
of 4.0 and 5.0 g L–1, respectively. The adsorption process fits
better into the pseudo-second-order kinetics for both DN-RhB
and ADN-RhB systems. A multilinear profile was observed
for the intraparticle diffusion studies of RhB uptake by ADN
suggesting that uptake of RhB by ADN was in two phases. The
sorption energy obtained from the D-R isotherm for the adsorp-
tion process was found to be less than 8 kJ mol–1 for the DN-RhB
system and greater than 8 kJ mol–1 for the ADN-RhB system;
these suggest that uptake of RhB onto DN was physical in nature
while the uptake of RhB onto ADN was chemical in nature.
Water was the best desorbing agent for the DN-RhB system
while acetic acid desorbed more of RhB from ADN than the other
eluents. ADN and DN were found to exhibit higher capacity for the
uptake of RhB than many biomaterials reported in the literature.
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